Multi-organ animals, such as vertebrates, require the development of a closed vascular system to ensure the delivery of nutrients to, and the transport of waste from, their organs. As a result, an organized vascular network that is optimal for tissue perfusion is created through not only the generation of new blood vessels but also the remodeling and maintenance of endothelial cells via apoptotic and cell survival pathways. Here, we show that UBIAD1, a vitamin K2/menaquinone-4 biosynthetic enzyme, functions cellautonomously to regulate endothelial cell survival and maintain vascular homeostasis. From a recent vascular transgene-assisted zebrafish forward genetic screen, we have identified a ubiad1 mutant, reddish/reh, which exhibits cardiac edema as well as cranial hemorrhages and vascular degeneration owing to defects in endothelial cell survival. These findings are further bolstered by the expression of UBIAD1 in human umbilical vein endothelial cells and human heart tissue, as well as the rescue of the reh cardiac and vascular phenotypes with either zebrafish or human UBIAD1. Furthermore, we have discovered that vitamin K2, which is synthesized by UBIAD1, can also rescue the reh vascular phenotype but not the reh cardiac phenotype. Additionally, warfarin-treated zebrafish, which have decreased active vitamin K, display similar vascular degeneration as reh mutants, but exhibit normal cardiac function. Overall, these findings reveal an essential role for UBIAD1-generated vitamin K2 to maintain endothelial cell survival and overall vascular homeostasis; however, an alternative UBIAD1/vitamin K-independent pathway may regulate cardiac function.
INTRODUCTION
As vertebrates undergo growth and organogenesis during their development, the vascular system must remodel in order to provide adequate blood vessels for tissue perfusion (Red-Horse et al., 2007) . This vascular remodeling is achieved through a combination of endothelial cell sprouting and pruning of existing blood vessels (Domigan and Iruela-Arispe, 2012) . These cellular events are regulated by angiogenic endothelial cell proliferation and migration, as well as endothelial cell apoptosis and regression, respectively (Dimmeler and Zeiher, 2000; Duval et al., 2003; Coultas et al., 2005; Carmeliet and Jain, 2011) . Thus, maintaining a balance between these two processes are crucial for the maintenance of a functional vascular network, and aberrations in this dynamic endothelial cell equilibrium can lead to numerous vascular defects, including atherosclerosis, vasculitis and vascular anomalies (Tricot et al., 2000; Rajagopalan et al., 2004; Winn and Harlan, 2005) . Thus, illuminating the underlying mechanisms that control vascular homeostasis may provide a greater understanding of the pathogenesis behind vascular diseases.
Previous zebrafish cardiovascular forward genetic screens have been particularly informative towards identifying genes that may regulate vascular development and homeostasis Stainier et al., 1996; Childs et al., 2002; Gore et al., 2012) . In particular, two recent vascular integrity mutants, bubblehead (Liu et al., 2007) and redhead (Buchner et al., 2007) , which display cranial vascular hemorrhages, have provided insight as to how β-pix and Pak2a proteins may be crucial for regulating vascular integrity/maintenance through interactions with each other, as well as with other components of the endothelial cell-adhesion complex (Gore et al., 2008; Dejana et al., 2009; Zhong et al., 2011; Yoruk et al., 2012) . More recent zebrafish screens have taken advantage of transgenic reporter lines to help screen for more subtle phenotypes, including specific vascular defects (Jin et al., 2007) . As a result, thirty distinct vascular loci from a large-scale vascular transgeneassisted forward genetic screen were identified to affect various aspects of vascular development, including vascular integrity/ maintenance. Within this group of mutants, several were noted to exhibit increased endothelial apoptosis, vascular regression and/or cranial vascular hemorrhaging. Recent positional cloning studies of one of these mutants, tomato, which exhibits cranial vascular hemorrhaging, revealed a crucial role for Birc2/cIap1, a member of the inhibitor of apoptosis protein family, in maintaining endothelial cell survival and blood vessel homeostasis during vascular development . To investigate additional pathways that may regulate endothelial cell survival, we have further analyzed the zebrafish vascular integrity/maintenance mutant reddish s587 (reh), which develops a functional vasculature by 24 to 36 hours postfertilization (hpf), but then displays cranial vascular hemorrhages because of vascular degeneration by 48 hpf.
MATERIALS AND METHODS

Zebrafish strains
Embryos and adult fish were maintained under standard laboratory conditions as described previously (Chi et al., 2010) . The following lines were used: reddish s587 (Jin et al., 2007) , Tg (kdrl:mcherry-ras) s896 (Chi et al., 2008a), Tg(kdrl:gfp) s843 (Jin et al., 2005) , Tg(gata1:dsred) sd2 (Traver et al., 2003), Tg(fli1a:nEGFP) y7 (Roman et al., 2002) and Tg(kdrl:ubiad1) sd23 .
Mapping
Positional cloning of reddish mutant and UBIAD1 sequence alignment by ClustalW multi-sequence alignment were performed as described previously (Chi et al., 2010) .
Morpholino knockdown and UBIAD1 rescue studies
To knock down ubiad1 function, we used an antisense morpholino oligonucleotide targeted against the 5Ј splice site of exon 2: 5Ј-GAAGCCAATCGGTATATTCACCTCC-3Ј. , 52 wild type) as described previously (Chi et al., 2010) . For zebrafish myocardialspecific ubiad1 rescue studies, cmlc2:ubiad1 was generated by cloning ubiad1 downstream of the cmlc2 promoter in the pISceI vector as previously described (Chi et al., 2008a) and was then injected into reh mutants, which resulted in ubiad1 expression throughout the myocardium (n=30). Because ubiad1 was not expressed throughout all endothelial and endocardial cells by injecting with kdrl:ubiad1, which was generated by cloning ubiad1 downstream of the kdrl promoter in the pISceI vector, zebrafish endothelial/endocardial-specific ubiad1 rescue experiments were performed by generating a stable kdrl:ubiad1 transgenic line, Tg(kdrl:ubiad1) sd23 , and crossing it into the reh mutant background (n=37) as previously described (Chi et al., 2008a) . Bright-field and fluorescence microscopy were used to determine whether the experimental embryos exhibited the reh mutant cardiovascular defects. Treated embryos that exhibited no vascular/hemorrhage and cardiac defects up to 1 week later were scored as rescued. If they displayed any of these phenotypes by 48 hpf when the reh phenotype occurs, they were scored as unsuccessfully rescued. Rescue calculations were performed based on rescuing only genotyped reh
Expression analysis and RT-PCR
Whole-mount in situ hybridization was performed on 24, 36, 48 and 72 hpf zebrafish embryos as described previously (Chi et al., 2008b) , using a ubiad1 RNA probe. The ubiad1 RNA probe was generated by PCR, using the primers zF 5Ј-atgcaggagatgaagccggctgc-3Ј and zR 5Ј-gtaatacgactcactatagggctcacaataacggcag-3Ј. ubiad1 RT-PCR experiments were performed from RNA obtained from one-cell stage zebrafish embryos and from human umbilical vein endothelial cells and human heart tissue. Primer sequences used for zebrafish and human RT-PCR are as follows: z-ubiad1F, 5Ј-cttcctgtccagcctcaaac-3Ј; z-ubiad1R, 5Јatgaggatcaccacgtctcc-3Ј; hubiad1F, 5Ј-tctactacctgtcccctctgaaac-3Ј; h-ubiad1R, 5Ј-ggccaaaagtgatgaggatg-3Ј. These zebrafish primers were also used for RT-PCR to confirm the ubiad1 splicing morpholino.
Microscopy and imaging
Confocal, fluorescence and bright-field microscopy, as well as live imaging of zebrafish were performed using a Nikon C2 confocal and a Leica M205 FA stereomicroscope as described previously (Chi et al., 2008a 
Cell death analysis
Using an in situ cell death detection kit from Roche (# 2156792), Tg(kdrl:gfp) s843 vessels were examined for cell death by TUNEL staining. Specifically, zebrafish at the indicated stages were cryosectioned and then incubated in TUNEL staining solution at 37°C for 2 hours (n=15 wild type, n=15 reh mutants, n=15 coumadin treated).
Warfarin treatment
Warfarin (Sigma, # 45706) was dissolved in DMSO (Sigma, # 472301) and diluted to 1 mM with egg water (Chi et al., 2008a) . Embryos were placed in a solution with 1 ml of warfarin solution and 19 ml of egg water (50 μM warfarin).
Phylloquinone, menaquinone 4 and ubiquinone rescue
Phylloquinone/PK (Sigma cat. # 47773), menaquinone-4/MK-4 (Sigma cat. # 47774) and ubiquinone (Coq10, Tishcon Corp Liquid Q LiQsorb Drops) were dissolved in DMSO/egg water solution and injected intravenously into the sinus venosus as described previously (Zhong et al., 2006) . Based on a dose response and toxicity curve, 10 mM of PK, MK-4 or ubiquinone was used to inject into 32 hpf reh
, wild-type and warfarin-treated wild-type (WT) zebrafish for rescue experiments. The number of zebrafish treated for each condition is as follows: WT + DMSO, n=100; WT + MK-4, n=65; WT + PK, n=55; WT + warfarin + DMSO, n=100; WT + warfarin + MK-4, n=81, WT + warfarin + PK, n=56; reh −/− + DMSO, n=62; reh −/− + MK-4, n=54; reh −/− + PK, n=48; and reh + ubiquinone, n=106. Bright-field and fluorescence microscopy were used to determine whether the experimental embryos exhibited the reh mutant cardiovascular defects.
RESULTS
reh mutants appeared indistinguishable from their wild-type (WT) siblings up to 36-48 hpf; however, by 48 hpf, the reh mutants displayed cranial vascular hemorrhages in multiple areas of the head (Fig. 1A-C) . By 72 hpf, their cranial vascular hemorrhages appeared to consolidate in the hindbrain and they also developed cardiac edema owing to decreased myocardial function ( Fig. 1D-F ) (compare supplementary material Movie 1 with Movie 2). To further assess whether additional vascular hemorrhages were present in the reh mutant, we analyzed reh mutants in the Tg(kdrl:gfp);Tg(gata1:dsRed) transgenic background, which marks endothelial cells in green and blood cells in red, respectively. Though no significant vascular or bleeding differences between wild-type siblings and reh mutants were observed at 36 hpf (Fig. 1G,H) , reh mutant cranial vessels were disrupted, leading to brain hemorrhages by 48 hpf (Fig. 1J,L,N, arrows) . Furthermore, many of the reh intersegmental vessels started degenerating at 48 hpf (supplementary material Fig. S1 ) (compare supplementary material Movie 3 with Movie 4) and were frequently missing or atretic by 72 hpf (Fig. 1N ,P, arrowheads); however, no hemorrhages were observed in the tail or trunk (Fig. 1H ,J,L,N). As a result, these cardiovascular defects led to embryonic lethality by 120 hpf.
Despite its similar phenotype to bubblehead (Liu et al., 2007) , redhead (Buchner et al., 2007) and tomato , the reh mutant genetically complemented these mutants, leading us to perform positional cloning studies to further understand the molecular nature of the reh mutant. Through extensive genetic mapping of the reh s587 mutant ( Fig. 2A) , we identified a missense mutation in the ubiad1 gene that results in a Leu65Gln substitution in a highly conserved amino acid that resides in the second predicted transmembrane region of the protein (Fredericks et al., 2011) (Fig. 2B ; supplementary material Fig. S2 ). Though reverse transcription (RT)-PCR revealed that ubiad1 is expressed in the zebrafish as early as the one-cell stage (supplementary material Fig. S3A ), in situ expression analysis revealed weak ubiad1 expression throughout the entire embryo, with stronger expression in the head by 24 hpf (supplementary material Fig. S3B ), and more restricted expression in the heart (supplementary material Fig. S3C , red arrow) and head by 36-48 hpf (supplementary material Fig. S3B, arrows) . Furthermore, RT-PCR in human hearts and human umbilical vein endothelial cells (HUVECs) showed that UBIAD1 is also expressed in the human cardiovascular system, suggesting that UBIAD1 may be functionally conserved (supplementary material Fig. S3D ).
To confirm that loss of UBIAD1 function can recapitulate the reh mutant phenotype, we knocked down ubiad1 in Tg(kdrl:gfp);Tg(gata1:dsRed) zebrafish embryos using a splice morpholino (MO) (supplementary material Fig. S4 ). ubiad1 splice MO-injected Tg(kdrl:gfp);Tg(gata1:dsRed) embryos displayed a RESEARCH ARTICLE Development 140 (8) similar vascular phenotype but a milder cardiac phenotype from that of reh mutants ( Fig. 2C,D ; n=177/203) . Conversely, injection of wild-type zebrafish and human UBIAD1 mRNA into reh embryos rescued 60% (n=53/87) and 50% (n=25/50) of both reh cardiac and vascular phenotypes, respectively (Fig. 2E) , whereas injection of zebrafish ubiad1 s587 mRNA failed to rescue reh mutants (n=0/31). However, injection of these mRNAs in wild-type embryos did not cause any detectable phenotype. Vascular specific expression of zebrafish ubiad1 (kdrl:ubiad1) was able to rescue 100% of both reh vascular and cardiac phenotypes (n=37/37), but, interestingly, myocardial-specific expression of zebrafish ubiad1 (cmlc2:ubiad1) was unable to rescue either reh mutant phenotypes (n=0/30) (Fig. 2E) . Though wild-type zebrafish and human UBIAD1 RNA rescued reh mutants did not survive beyond 168 hpf owing to recurring cardiovascular defects at 120 hpf, all kdrl:ubiad1 rescued reh mutants survived into adulthood, suggesting that UBIAD1 may be required throughout development. Overall, the strong genetic linkage, identification of a molecular lesion in a highly conserved amino acid residue, expression analysis, MO phenocopy and UBIAD1 rescue studies indicate that ubiad1 is the gene affected by the reh mutation.
To further understand the function of UBIAD1 during vascular development, we examined more closely the cranial vasculature of 1715 RESEARCH ARTICLE UBIAD1 cardiovascular mutant reh mutant and ubiad1 splice MO-injected zebrafish by confocal microscopy using Tg(kdrl:gfp);Tg(gata1:dsRed) and Tg(fli1a:nEGFP);Tg(kdrl:cherry-ras) transgenic fish, respectively. Although reh and wild-type cranial blood vessels developed similarly at 36-40 hpf ( Fig. 1G,H ; supplementary material Fig. S1 ) (Isogai et al., 2001 ), we observed that many of the reh cranial blood vessels started degenerating by 48 hpf (compare Fig. 3A and 3B ), resulting in subsequent cranial hemorrhages (Fig. 3B, yellow  arrow) . By 72 hpf, reh mutants had significantly fewer cranial vessels than wild-type zebrafish (compare Fig. 3C and 3D ; supplementary material Fig. S5A ), and their remaining vessels appeared atretic and contained few blood cells (Fig. 3D) . To investigate how loss of ubiad1 function leads to reduced cranial blood vessels, we examined the number of endothelial cells, as well as fragmented endothelial nuclei in ubiad1 splice and control MOinjected Tg(fli1a:nEGFP);Tg(kdrl:cherry-ras) zebrafish (Siekmann and Lawson, 2007) . Again, the ubiad1 splice MO-injected zebrafish cranial vasculature exhibited atretic cranial vessels by 48 hpf (Fig. 4B ) and continued to degenerate further by 72 hpf (Fig. 4D) , leading to fewer overall cranial vessels (supplementary material Fig.  S5B ) and significantly fewer endothelial cells (Fig. 4E) . Time-lapse imaging in ubiad1 splice MO-injected zebrafish from 48 to 72 hpf revealed that this decrease in endothelial cells is probably due to increased endothelial cell karyorrhexis and apoptosis (Fig. 4D , boxed area; Fig. 4F ,H; supplementary material Movie 5). TUNEL cell death assays performed in wild-type and reh mutant Tg(kdrl:gfp) zebrafish confirmed that ubiad1 loss of function results in increased endothelial cell apoptosis at 48 and 72 hpf ( Fig. 3F,H ; 3J,L, arrows; Fig. 3M) ; however, a small, albeit significant, increase in endothelial cell death was also observed as early as 36 hpf but not at 28 hpf (supplementary material Fig. S6 ). In addition to the endothelial cell death, increased apoptosis in cells surrounding the reh endothelial cells could be detected at 48 and 72 hpf (Fig. 3F ,H,J,L arrowheads; 3N), suggesting that ubiad1 may also regulate survival of vascular support cells.
Because previous studies have shown that UBIAD1 is required for menaquinone-4/vitamin K2 biosynthesis (MK-4) (Suvarna et al., 1998; Nakagawa et al., 2010; Vos et al., 2012) , we investigated whether active MK-4 may mediate the role of UBIAD1 in vascular maintenance. To achieve this, we blocked the conversion of oxidized vitamin K derivatives to its active reduced forms in Tg(kdrl:gfp);Tg(gata1:dsRed) zebrafish by treating with 50 μM of warfarin (Fig. 5J) . As a result, warfarin treatment at 24 hpf resulted in a similar vascular phenotype to that of the reh mutant and ubiad1 splice MO-injected zebrafish ( Fig. 5B; supplementary material Fig.  S7B,D,E) . Specifically, these 24 hpf warfarin-treated zebrafish exhibited atretic cranial vasculature and hemorrhaging owing to endothelial cell apoptosis by 48-72 hpf as observed in reh mutants (compare Fig. 3D with Fig. 5B ; compare Fig. 3F ,H with supplementary material Fig. S8B,D) . Unlike the ubiad1 loss-offunction zebrafish, these warfarin-treated zebrafish did not develop a significant cardiac edema, suggesting that the vitamin K cycle may not be essential for maintaining cardiac function (supplementary material Fig. S7B,D) . Interestingly, treatment of either active phylloquinone/vitamin K1 (PK) or MK-4 at 36 hpf was sufficient to rescue 75% (n=42/56) and 94% (n=76/81) of the warfarin-induced cranial hemorrhage/vascular defects, respectively (Fig. 5C,D,I ), raising the possibility that active PK may be converted to active MK-4 via UBIAD1 to maintain vascular integrity (Fig. 5J) .
To further investigate whether conversion of PK to MK-4 through UBIAD1 is required to mediate vascular homeostasis, we examined whether PK or MK-4 might rescue the reh vascular phenotype. Injection of MK-4 into reh mutants at 36 hpf rescued
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Development 140 (8) 58% of the reh vascular phenotype by 48 hpf (n=31/54, Fig. 5H,I ), whereas injection of PK rescued only 6% (n=3/48, Fig. 5F,I ). Specifically, MK-4 treated reh mutants exhibited patent and intact cranial blood vessels with no extravasation of blood at 72 hpf (Fig. 5H) , whereas PK-treated reh mutants displayed atretic and/or absent cranial vasculature with hemorrhaging (Fig. 5F ). Interestingly, some of the MK-4-rescued reh mutants began to display vascular degeneration and cranial hemorrhages by 72-96 hpf (n=15/54, 28% rescue), suggesting that sustained MK-4 production is required to maintain endothelial survival. By contrast, neither PK nor MK-4 treatment was able to rescue the reh cardiac phenotype, further supporting the possibility that UBIAD1 may regulate cardiac function through a vitamin Kindependent pathway. Because of the similarity in the protein sequences of UBIAD1 and the E. coli UbiA enzyme (Bräuer et al., 2004; Orr et al., 2007; Bräuer et al., 2008; Nickerson et al., 2010) , which is involved in ubiquinone biosynthesis (Boehm et al., 2000) , we also tested the ability of ubiquinone to rescue the reh mutant phenotype but discovered that it was unable to rescue the reh vascular or cardiac phenotype (n=0/106). Overall, the combination of these warfarin and vitamin K experiments suggests that UBIAD1 preserves vascular homeostasis through a vitamin K2-but not a K1-dependent mechanism; however, UBIAD1 may regulate cardiac function through a vitamin K-independent pathway.
DISCUSSION
Although many vitamin K-dependent proteins are involved in blood coagulation (Stafford, 2005) , vitamin K2/MK-4 has recently been reported to possess biological functions outside of the vitamin K canonical co-factor role (Ichikawa et al., 2006; Igarashi et al., 2007) , including prevention of oxidative cell death in oligodendrocytes (Li et al., 2009 ) as well as an anti-apoptotic effect on erythroid lineages (Sada et al., 2010) . Recent studies in Drosophila revealed that MK-4 may regulate mitochondrial function through its ability to transfer electrons in the electron transport chain (Vos et al., 2012) . Additionally, these Drosophila studies also showed that UBIAD1 is required to synthesize MK-4, as recently reported (Nakagawa et al., 2010) ; and, moreover, MK-4, but not ubiquinone, could rescue the Drosophila ubiad1 mutant heixuedian (heix). Using the zebrafish reh (ubiad1) mutant, we have also discovered that UBIAD1 is required to generate MK-4 for the maintenance of endothelial cell survival. Similar to the Drosophila data, MK-4, but not ubiquinone, is able to rescue the reh endothelial cell apoptosis phenotype. However, MK-4 could not rescue the cardiac dysfunction phenotype, suggesting that UBIAD1 may have additional roles beyond producing MK-4. Recent studies have suggested that endothelial mitochondria may primarily serve roles in cellular homeostasis, such as maintaining calcium concentration (Berridge et al., 2000) , generating reactive oxygen species (ROS) (Turrens, 2003) and activating signaling cascades, including apoptotic stimuli (Green and Kroemer, 2004; Green et al., 2011) . In particular, siRNAmediated knockdown of the mitochondrial mitofusin proteins, MFN1 and MFN2, in HUVECs led to not only decreased mitochondrial membrane potential and disrupted mitochondrial signaling networks but also diminished endothelial cell survival and increased apoptosis (Lugus et al., 2011) , thus supporting the possibility that lack of MK-4 may perturb endothelial mitochondrial function and thereby cause endothelial cell apoptosis. Thus, it will be particularly interesting in future studies to further investigate the mitochondrial function and morphology of endothelial cells in the reh mutants.
The inability of MK-4 to rescue the reh cardiac dysfunction phenotype raises the possibility that UBIAD1 may also have an additional function beyond its role to convert PK to MK-4. Interestingly, Ubiad1 is most highly expressed in mouse hearts; yet, MK-4 biosynthesis is very low or absent in this organ (Nakagawa et al., 2010) . Furthermore, the localization of UBIAD1 to different subcellular domains in distinct cell types also suggests that UBIAD1 may have additional functions beyond synthesizing MK-4 (Nakagawa et al., 2010; Nickerson et al., 2010) . Given that endothelial/endocardial expression of wild-type ubiad1 was able to rescue cardiac function but MK-4 was not, these findings suggest that ubiad1 may generate additional products, which may allow endothelial/endocardial cells to non-autonomously regulate myocardial function. One possibility may be the production of ubiquinone (Nickerson et al., 2010) ; however, ubiquinone treatment in reh mutants could not rescue the reh cardiac or vascular phenotypes. Thus, future UBIAD1 biochemical and enzymatic studies will be necessary to investigate whether UBIAD1 may synthesize a different steroid metabolite other than MK-4 or ubiquinone in endothelial/endocardial cells to regulate myocardial function.
The role of UBIAD1 in endothelial cell survival and cardiac function may be conserved as human UBIAD1 is able to rescue both endothelial and cardiac reh mutant defects and appears to also be expressed in both human endothelial cells and hearts. Interestingly, UBIAD1 has recently been implicated in Schnyder Corneal Dystrophy (SCD) (Orr et al., 2007; Weiss et al., 2007) , and transitional cell carcinoma (TCC) of the bladder, but has not been associated with any known human cardiovascular diseases. Although no UBIAD1 mutations have been identified in individuals with TCC (McGarvey et al., 2001) , SCD is a rare autosomaldominant disease harboring at least one of 22 different heterozygous UBIAD1 missense mutations (Weiss et al., 2007) . However, no homozygous UBIAD1 mutations have been reported in any vertebrate animal until now, suggesting that complete loss of UBIAD1 function may lead to more severe phenotypes, such as cardiovascular defects, which may lead to fetal or neonatal demise. Thus, future human cardiovascular genetic studies examining UBIAD1 are warranted to elucidate the role of UBIAD1 in human cardiovascular diseases, including hemorrhagic strokes, heart failure and vascular anomalies.
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